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Introduction
Cell adhesion plays an important role in several biological phenomena, such as the immune response (Mefti et al., 2005; Viallat et al., 2005) . In this work, we develop a local 2D model of the cell-wall interface considering the various interactions being present; this model describes the two most important events that take place at the interface, namely the kinetic of failure of bonds and the creation of new connections. The influence of the plasma (fluid) flow around the cell (shell) on the contact interface (adhesion zone) is traduced in terms of the mechanical efforts exerted on the cell wall contact interface. In order to simplify the problem, this effect is assimilated to a nodal periodic force.
The overall complexity of the problem is due to the combination of several phenomena, such as the activation of the cell molecule, the transduction mechanisms, and the dispersion of (some or all) the elastic properties. We assume that the behavior of the system is random, in the spirit of the work done in . Accordingly, the random processes theory is supposed to be the adequate framework for the quantitative description of several parameters of the cell adhesion problem.
In the literature, several works describe locally the kinematic of cell adhesion by two parameters: the forward and the reverse rate constants Chesla et al., 1998) . These parameters correspond respectively to the duration and the number of stops in the case of the flow of a cell along a wall characterized by the presence of adhesion molecules. Several models have been developed to describe the cell adhesion, essentially by the description of the adhesion kinetic, using the forward and reverse constants in deterministic approaches (Bell et al., 1984; Dembo et al., 1988; Coombs et al., 2004; Dong and Lei, 2000; Hammer and Lauffenburger, 1987) or probabilistic methods (Cozens-Roberts et al., 1990; Lavalle et al., 1996; Evans and Ricthie, 1997; Chesla et al., 1998) . The connections between the cell and the extra cellular medium are assimilated to a set of elastic springs (Dembo et al., 1988; N'dri et al., 2001) . The focus of this paper is the development of a mechanical model that describes the evolution and the position of the failed or newly established connections at the cell-wall interface, and their impact on the rolling of the cell.
Biological description
Rolling is a particular case of cell adhesion and it involves several phenomena of diverse nature: mechanical, physical or chemical interactions. One of the most important point concerns the adhesion molecules lying on the surface of the cell and on the wall, characterized by their chemical properties and density. The creation of connections between the cell and the wall can occur if the molecules being present, the ligands (on the cell) and the receptors (on the wall) respectively, are sufficiently close to each other, and if the chemical affinity is strong enough (Bongrand and Benoliel, 1999) .
The rolling of the cell consists in the simultaneous creation and rupture of connections when the system is subjected to a fluid flow. The most important example in this case is the slowing down of the leukocyte cell during the immune defense (see Fig. 1a ).
In the general case, the interface zone involves free adhesion molecules: ligands, receptors and connections, which represent the junction between the ligands of the wall and the receptors of the cell (Cozens-Roberts et al., 1990) .
The cell membrane stiffness increases, in the case of an adhering cell, because of the local reinforcement of the cytoskeleton: this is due to the presence of external chemiotactic particles, which create an external signal (Bongrand, 1982; Bongrand and Benoliel, 1999) .
Mechanical model of the cell-wall interface

General description of the local approach
The local study of the rolling corresponds to the modeling of the behavior of a single adhesive cell submitted to the global action of the fluid (flow around the cell), here modeled as a punctual force (Fig. 1b) . Since the ratio of the cell size to the fiber length is of the order of 1000 (N'dri et al., 2001) , one can accordingly assume that the fibers stay parallel during the rolling; hence, the horizontal motion of the fibers can be neglected during the failure phenomenon. The reason for that is due to the fact that failure of the fibers occurs before the horizontal component of the displacement becomes significant (Fig. 2) .
It is obvious that the intensity of the forces applied to the connections decreases in the direction of the fluid flow. Thus, we assume that the force applied to the extremity fiber N l 0 is negligible (Fig. 2) , generating a nil vertical displacement. In this model, the kinematical parameters are the vertical displacement of the nodes U i (x i , t) (junctions between the connections and the cell membrane) and the rolling angle. We also suppose that the external forces (fluid-interface) are applied in the middle of the contact zone.
Failure of the existing connections
We assume that the failure zone is subjected to the fluid pressure and to the interactions effects (chemical and physical) between the two surfaces (cell-wall): namely Van der Waals (attractive forces) and electrostatic (repulsive forces), and that the failure of the connections is the result of a pulling process. In order to simplify the problem, we suppose that the ligands and receptors junctions are assimilated to elastic springs in a first approach (Dembo et al., 1988) . The pulling forces correspond to the forces applied to each fiber, resulting from the distribution of the external forces (fluid-interactions). We can notice that the cell membrane in this zone remains rectilinear during the rolling, because the chemical affinity (chimiotactic particles) leads to a local increase of the stiffness of the cell membrane (Richert et al., 2004; Bongrand et al., 1982) . The expressions of the energy of attraction between two plates (Tadmor, 2000) and that of the repulsive energy (Bell et al., 1984) are successively given by
and
Deriving these expression w.r. to the variable S, we obtain the corresponding forces, respectively the Van der Waals and the electrostatic forces
Eq. (4) is the result of the minimization of the phenomenological expression of the repulsive energy between two biomembranes. Moreover, we assume that the fluid pressure is periodic, its resultant being given by
with F 0 the maximum amplitude of the fluid force, x its pulsation, A 0 the Hamaker constant, l a 0 the length of the interfacial zone, S the average distance between the cell and the wall, D 0 the thickness of the cell membrane and s a compressive parameter. Using the principle of virtual work (abbreviated PVW in the sequel) (Clough and Penzien, 1975) , we can then write where f ri are the stiffness forces, f ai the inertial forces, dU i the virtual displacement and F(t) the sum of the external forces (fluid pressure, Van der Waals and electrostatic forces). Due to the rigid beam behavior (Fig. 3) , the interface can be modeled as a one degree of freedom system (angle of rolling). Thus, the expression of the equation of motion of the extremity of the fiber j is the result of the combination of the equation of equilibrium (principle of virtual work) and the resulting proportionality between the nodal displacements ( Fig. 3) :
where d 0 is the distance between two adjacent nodes, k and m are respectively the stiffness of a single connection and the mass of a node. We notice that the mass of the set of nodes takes into account the total mass of the cell. We can further write Eq. (6) under the condensed form:
where F(t) = F dyna + F stat is the total force applied to this interface, which is composed of a dynamical (for the fluid) component and a static part (accounting for the interactions), viz:
withm;k the generalized mass and stiffness of the system respectively, and x the pulsation of the fluid pressure. The vibration of the interface is described in terms of the displacement response of the fiber j, as
which corresponds to the rolling angle:
The interface failure is assumed to occur in an imposed direction, namely the flow direction. Since the transverse area of a connection is assumed to be negligible, we can surmise that the rupture of the fiber j may occur only by pulling (and not by bending). The failure is accordingly supposed to be ruled by the following criterion:
where F j ðtÞ; e F rupt j are respectively the strength applied to the fiber j and the limit of failure of this connection under traction (maximal traction a fiber can sustain). We envisage a possible fluctuation of the failure properties of the connections (Fig. 4a) , around an average value e F rupt avr . This fluctuation accounts for the variations of the action of the external medium (fluid) during the formation of the connections (due to the pressure, the temperature changes or other actions). However, in the case of an identical external environment, the distribution of the value of the failure limit can be assumed uniform: thus, it will be represented by its sole average value (Fig. 4b) . This fluctuation can be weak or strong, depending on the context. We here describe the spatial fluctuation of the rupture thresholds by a random process. Accordingly, as regard to the spatial distribution of the threshold rupture force on the contact interface (supposed to be an intrinsic property), the value of the limit of failure of the connection j corresponds to the average value (which can be obtained experimentally by the micropipette technique) adjusted by a random fluctuation term (see Fig. 4 ):
Introducing a maximal factor (percentage) F max of the fluctuation for a normed random process, we express the failure limit as
where DP rand j is a gaussian random process with zero mean and DP rand max the maximal value of this process. Using the spectral method, this random process is approximated by the superposition of a finite set of harmonics (Shinozuka and Deotadis, 1991) :
The integer n varies between 0 and N À 1, and S Df 0 Df 0 is the spectral density of power, which is written as (Shinozuka and Deotadis, 1991):
Àbjxj with r the standard deviation, b a parameter proportional to the correlation distance, x n the pulsation, function of the upper cut-off frequency x u , expressed by
N the number of the harmonics and / the random phase-shift angles of theses harmonics (ranging between 0 and 2p).
Another point of importance is the distribution of the external forces (fluid-attractive-repulsive) exerted on the fibers interface: we assume it has a linear triangular shape (Fig. 5) , because the displacement of the extremity connection is negligible, due to the direction of the flow and the previously mentioned multiscale effect (cell size vs. fiber length). The failure of the fiber j leads to a redistribution of the force applied to this fiber on the other connections (Fig. 6 ). This jump of force leads in turn to a vertical displacement jump. Considering the failure of the jth connection, the combination of the principle of virtual work and the consideration of a linear distribution of the connection forces lead to the expression of the force jump for the (j + 1)th connection
The other force jumps are then deduced from this proportionality relation (Figs. 5 and 6 ). This force jump leads in turn to a displacement jump expressed by
in which the index i varies between j + 1 and N l 0 À1 . Numerical simulations emphasize the rolling phenomenon, represented by the vibration of the contact zone (Fig. 8) , the influence of the number of connections on the behavior of this zone, the distribution of the limit of failure (Fig. 7) and the vibration-rupture of this contact interface (Fig. 10) .
We see in Fig. 7 the distribution of the failure force in the case of a contact interface made of 60 fibers initially, with an average force on a connection equal to 0.07 nN and a maximal fluctuation of 14% with regard to the mean failure force. The response of the contact interface is periodical (without failure), because the fluid action is predominant (Fig. 8) , compared to the static interaction effects (the attractive and repulsive energies in Eqs. (1) and (2) respectively). Increasing the number of connections leads to the decrease of the vibration amplitude (Fig. 9a) . We also notice that in the interplay of the attractive and repulsive effects, attraction is predominant compared to the repulsive phenomenon (Fig. 9b) ; moreover, this interaction energy tends towards an asymptotic value.
As regard to the interplay of the failure events and the vibration, one observes an increasing amplitude of vibration until the total failure of the interface, after 5 s of solicitations (Fig. 10a) . We notice an acceleration of the rupture process due to the increase of the forces applied to the fibbers, caused by their redistribution (change of slope at 4.8 s in Fig. 10b ). Thus, one may assimilate this phenomenon to an avalanche process. The behavior between 0 and 5 s is pseudo-periodic (variable amplitude), because of the high velocity of rupture, leading to a total failure of this zone after 5 s of solicitation (Fig. 10a) . This phenomenon is characterized by a decrease of the number of fibers, which leads to a decreasing stiffness of the interface.
We notice that the maximal force of the fluid (0.2 nN) -which leads to a total failure of the interface -well fits to the experimental range of adhesion forces, viz [1.7 pN, 6.7 nN] . These numerical quantities represent the extreme values of the adhesion force, which are given in the literature . We notice that the adhesion force is the strength, which leads to the total rupture of the adhesion between the cell and the substratum.
Maturation of the connection stiffnesses
Our concern here is the modeling of the behavior of the contact zone when the fibers stiffnesses increase until a final value: this corresponds to the maturation of the ligands-receptors elastic properties (the necessary duration to reach the final value of the different properties, between the ligand receptor junction and a stable state). We consider that the contact interface is subjected to a pulling at an increasing force and to the physical interaction forces (attractive and repulsive); in this sense, we can consider this simulation is analogous to the micropipette experiment (Fig. 11) .
Between the instants 0 and s relax (the characteristic time for the maturation of the connections), the evolutions of the pulling force and the stiffness (Fig. 12) are given respectively by
considering the same characteristic time for the aspiration force. Using the principle of virtual work, we then get the dynamical evolution equation
Since an analytical solution of Eq. (20) involves the homogeneous solution, in terms of an Airy function, we use instead a numerical approach (Maple software Ó). A pseudo-periodic displacement response is obtained Fig. 10 . Behavior of the contact interface in the case of a failure-vibration phenomenon (60 connections).
( Fig. 13) , even if the external solicitations are not periodic but linear (Fig. 12 ): this is due to the competition between the increasing pulling force and the variation of the connections stiffness. This phenomenon can possibly occur in the rolling, but in this section, it concerns only the pulling traction. We notice that after 50 s (duration of the transitive step), there is a stabilization of the amplitude vibration, which corresponds to the value of the amplitude vibration that would be observed in the case of a constant stiffness (see Fig. 9a ). 
Creation of new connections
During the rolling, the part of the cell membrane which is located at the extremity of the cell downstream moves closer to the wall. This phenomenon combined with the chemical affinity between the ligands and receptors attached on the two surfaces can lead to the creation of new connections. We consider that the connection between the ligand and receptor occurs if the distance between them is sufficiently small. Moreover, the ligand complex is assimilated to a mass-spring system, subjected to the effects of the chemical affinity and the Brownian motion of the fluid particles. The initial position of the ligand complex is fixed, because (Coombs et al., 2004; Dembo et al., 1988) we neglect the molecular diffusion effects (Fig. 14) .
Hence, the forces of chemical affinity and the Brownian motion are respectively assimilated to molecular Van der Waals effect if we consider the behavior of the molecule as a dipole and to a periodic force characterized by both a random pulsation and orientation. We use a Gaussian random process to describe these two fields. We also assume that the interaction effects between the molecules of the same kind are negligible (ligand-ligand or receptor-receptor).
The following kinematic criterion of junction between the ligand i and the corresponding receptor is involved: (Fig. 15) .
The key point here is the determination of the variation of the position of the free ligands and receptors couples under the action of the Brownian forces (random motion of the fluid particles) and the chemical affinity. Since the functional capacity of the adhesion molecules can be modulated (activation) by the signals (e.g. intregrine family) and the presence of an electrical charge on several kinds of these molecules (e.g. mucine family: PSGL1 is the ligand of the selectine) (Bongrand and Benoliel, 1999) , we assume that the specific force can be described by a Van der Waals type attractive force (Bongrand and Benoliel, 1999) :
and F brown ðtÞ ¼ F 0 sinðx rand tÞ ð23Þ that are respectively the forces of chemical affinity between the molecules (we assume that the chemical affinity is assimilated to the Van der Waals effect between two dipoles) and the Brownian particles fluid motion, where k b is the Boltzmann constant, T the absolute temperature, l i the dipole moments, e 0 the dielectric constant, F 0 the maximal fluid force, x rand the random pulsation of the fluid action and S the distance between the ligand and the receptor. The parameters entering (22) can be adjusted to represent the different types of adhesion molecules (e.g. LFA1) via specific experimental techniques (Mauret, 1954) . Using the principle of virtual work, we obtain the equations of motion of the ligand i in the Cartesian basis, in the form
We can further write (24) under the form:
with the following decomposition of the displacement:
We consider both parameters of component of motion: the orientation and the force amplitude as random processes during the phase of approach (Fig. 16) , with 
The following temporal evolution of these two variables is obtained:
Since it is difficult to obtain a closed form expression of the displacement of the ith ligand, we instead solve (25) by a finite difference scheme
The evolution of the ith ligand is given by
The evolution of the position of the ith receptor as a function of the rolling angle h(t) is 
where N l 0 ; N e are respectively the number of connections in the failure zone and the number of the last receptor in the zone of creation of new connections. From the solution of system (30) in conjunction with the kinematical junction criterion (21), the junction between the ligands and receptors and the evolution of the number of new connections is obtained (Fig. 17) , assuming initially 19 free molecules (ligands-receptors).
We notice that there is a total junction between the 19 free couples after 3 s of rolling. The velocity of creation of connections is dependent on the intensity and the orientation of the affinity and fluid forces. Note that the solution scheme can lead to numerical instabilities because of the multiscale effects (difference between the magnitude of the input data of the contact zone and those related to the fibers); these instabilities correspond to non-realistic values of the nodal displacements, and should therefore be avoided (Table 1) .
Conclusions
In this paper, a local description of the rolling phenomenon of a single adhering cell has been presented, focusing on the behavior of the contact interface between the cell and the wall. In this 2D model, the cell and wall are assimilated to two rigid and rectilinear beams linked by elastic springs, accounting for the local increase of the stiffness of the cell membrane in the failure zone. An identical stiffness and different limits of failure characterize the connecting fibers. The system is subjected to the effects of the fluid and the static interactions (Van der Waals attractive and electrostatic repulsive forces). As a first approximation, the cell is supposed to move as a rigid solid undergoing a rolling, following the discrete events occurring on its outer membrane (rupture and creation of connections).
The response and failure of the cell-wall contact interface are very dependent on the number of connections, their stiffness and the intensity of the external forces. The results show that the amplitude of vibration increases when the number of fibers decreases. Moreover, in the case of a variable stiffness of the springs, the response is pseudo-periodical, as the consequence of the competition between the maturation of the stiffnesses and the increase of pulling force applied to the system. These simulations emphasize the rolling phenomenon, the rapid failure of the existing connections on the rupture zone (with a redistribution of forces), and the creation of new bonds on the adhesion zone downstream on the cell membrane. We notice that the amplitude of the force leading to a total failure of the contact interface is close to experimental results.
As a development of this model, we shall study the influence of the mechanical damping on the response and failure of the system in a 2D and 3D context, and model the cellular motility, associated to the active deformation of the cell (modeled as a shell). This deformation is due to the polymerization and depolymerization of the cytoskeleton and to the creation of new connections (motion of the receptors).
The comparison of simulations at such a fine scale to experimental results is difficult, due to the uncertainty in the value of some input data, especially the properties of the adhesion molecules. This points towards the need for the development of suitable experiments to further identify the events leading to the attachment and detachment of a single cell or a population of cells adhering to a substrate. 
